In this work, bubble polarization domains in periodically ordered ferroelectric Pb(Zr 0.4 Ti 0.6 )O 3 nanodot arrays and their formation mechanisms have been investigated by piezoresponse force microscopy (PFM) and Monte-Carlo simulations. The PFM observations reveal the coexistence of single domain and apparent bubble domain patterns within the same nanodot array, which also exhibit dissimilar polarization reversal processes. The formation of various polarization configurations can be accounted for by the interplay of various factors, such as polarization anisotropy and depolarization field. Using Monte-Carlo simulation, we are able to reproduce bubble and single domains and further predict that these patterns can be tailored by varying the nanodot parameters, including dot height, aspect ratio, etc.
I. INTRODUCTION
In recent years, there has been a surge of research interests for nanoscale ferroelectrics driven by their potential for new generations of sensors and memories, especially for ultrahigh density data storage. 1, 2 Memories based on ferroelectrics would enable nondestructive resistive readout and should be scalable down to a size of a few nanometers, thus overcoming the density limitation in current magnetic storage media. In addition, advanced fabrication techniques of both the "bottom-up" and "top-down" types have enabled fabricating extremely small high-quality epitaxial ferroelectric nanodots up to a few tens of nanometers in diameter and=or height. [3] [4] [5] [6] The recent emergence of observation methods, such as piezoresponse force microscopy (PFM), has also given opportunities to observe local domain structures with sub-10 nm or even higher resolution. [7] [8] [9] [10] In spite of these advances, there are still very few experimental investigations on the nanoscale polarization patterns compared with numerous theoretical studies. [11] [12] [13] Although a few polarization patterns, like vortex-like polarization, have been reported in thin films, 14,15 nanocapacitors, 16 stand-alone nanodots, 17 and nanodot arrays, 18 other possible patterns, like bubble domains or more complex polarization structures analog to those observed in nanomagnets, have rarely been addressed.
A core polarization state may be an indication of a vortex domain, 12 and evidence for such domain states have been presented, 18 wherein it was necessary to use both vertical piezoforce microscopy (VPFM) and lateral piezoforce microscopy (LPFM) to develop a full picture of the polarization state of the nanodot. It may be possible for certain conditions (size, strain, etc.) that a core polarization state is just a bubble domain with relatively small in-plane polarization compared with out-of-plane polarization. Here, we consider the latter case, based on VPFM images on Pb(Zr 0.4 Ti 0.6 )O 3 (PZT) nanodot array only. The in-plane polarization was not studied in this case.
Monte-Carlo simulations were performed to further understand whether and how bubble domains can be formed and to give guidelines for further experimental studies.
II. EXPERIMENTAL PROCEDURE AND SIMULATIONS
The fabrication process for the epitaxial nanodots has been described in detail elsewhere. 5, 18, 19 Briefly, porous anodized alumina (AAO) shallow masks with self-ordered arrays of nanopores with various sizes and pitches were prepared by a two-step anodization process, then transferred to a SrTiO 3 substrate coated with a conductive SrRuO 3 electrode, and subsequently, pulsed laser deposition (PLD) was used to deposit Pb(Zr 0.4 Ti 0.6 )O 3 nanodots. The AAO mask was then removed and a periodically ordered nanodot array was obtained. Finally, the products were annealed at a high temperature to form epitaxial nanodots. The crystal structure was then characterized by XRD U scans and reciprocal space mapping using a Philips X'Pert MRD diffractometer. The microstructure was characterized by scanning electron microscopy (SEM). PFM imaging was performed using a commercially available atomic force microscope (AFM) (TM Microscopes, Auto-Probe CP Research) equipped with a lock-in amplifier (DSP7260, Signal Recovery) and a PtIr5-coated conducting AFM tip (ATEC-EFM, Nanosensors).
The Monte Carlo simulations were performed on a 3D lattice circular disk with a diameter a and dot height h, both a)
Author to whom correspondence should be addressed. Electronic mail: gaoxingsen@gmail.com. given in numbers of unit cells. The modeling and simulation procedure has been described in our previous papers. 20 In brief, we define a 3D lattice, in which an electric dipole P(i) ¼ (P x , P y , P z ) and a displacement vector u(i) ¼ (u x , u y , u z ) are assigned to each site, where x, y, and z are the coordinate axes, respectively, and i is the site coordinate. Thus, each site corresponds to a unit cell of a realistic ferroelectric lattice system. Based on this lattice, we are able to develop the Landau phenomenological model, describing a tetragonal FE lattice as transformed from its parent cubic lattice at high T. For each lattice site, the free energy can be described as:
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Elec are the Landau potential, gradient energy, dipole-dipole interaction, elastic energy, electrostrictive interaction, and static electric energy, respectively. For a ferroelectric lattice, these terms constitute a complete set of energy terms in the phenomenological theory of ferroelectricity. The total energy of the system is the summation over every lattice site i. The detailed presentation for each energy term can be found elsewhere, 20 and the coefficients of the Landau free energy expansion and the electrostrictive and elastic constants for Pb(Zr 0.4 Ti 0.6 )O 3 were adapted from the literatures. 21, 22 We employ the Metropolis algorithm for the simulation, 20, 23, 24 starting from a lattice either with randomly distributed P(i) and u(i) or from single domain uniform polarization. We start from a randomly chosen site i, then update the value of P and u by a standard Metropolis procedure for the relaxation of electric dipole and elastic strain in the lattice. Given a fixed T, we perform the simulation for about 10 6 Monte Carlo steps (MCS) and then evaluate the domain structure and electrostrain. Figure 1 shows an SEM micrograph as well as PFM amplitude and phase images for the as-fabricated PZT nanoisland array. Some nanodots show a uniform single-domain structure with a high piezoresponse signal, while other dots exhibit bi-domain or multidomain structures with a darkbright contrast within a single nanodot (Figs. 1(a) and 1(b)). From the larger magnified images of the bi-domain dots ( Fig. 1(d) ), we can easily identify apparent ring-shaped bubble domains, wherein the outer diameter of the dot corresponds to a positively polarized domain (bright contrast in the phase image), while the inner portion is negatively polarized (dark). Bi-domain states, consisting of two oppositely polarized coaxial cylindrical domains, have been reported in some magnetic nanodisks with large perpendicular anisotropy and demagnetization. It was demonstrated that, inside the nanomagnets, the competition between the exchange energy, lattice anisotropy, and shape anisotropy leads to various domain configurations, like bubble or stripe domains. 25, 26 In our epitaxial PZT nanodots on SrTiO 3 substrate, a large perpendicular anisotropy is expected, due to the compressive lattice misfit strain from substrate clamping, giving rise to c-axis polarization. On the other hand, PZT dots without top electrodes imply a large depolarization field. The competition between anisotropy and depolarization may lead to various domain structures as, e.g., a single domain in the anisotropy-dominant case, while it tends to lose stability and evolve into a more complex domain pattern in the depolarization-dominant case. We have also studied the lateral piezoresponse (not shown) and found that the lateral PFM images of those nanodots, which show apparent bubble domains in the vertical PFM images, also exhibit various patterns like single domains, ring shape, multidomains, or even the signature of vortex-like domains, as reported in our previous work. 18 As all these states have a up-down bubble domain along the vertical direction, for simplicity, we only consider here the vertical component in this stage. A 3D reconstruction of the complex domain states shall be the subject of future work.
III. RESULTS AND DISCUSSION
Monte-Carlo simulations were performed using the Landau potential, gradient energy term, dipole-dipole interaction, elastic energy, and electrostrictive interaction. In these simulations, a large compressive misfit strain of -1% was applied, giving rise to strong c-axis anisotropy. Open-circuit boundary conditions were assumed, so that no screening charges are taken into consideration and a considerably large depolarization field can be expected. Although the model may be oversimplified and the geometric parameters used in the simulation are much smaller than those of the real nanodots, the simulation can still give qualitative comparisons between the theoretical predictions and the experimental observations. From our results, the domain states can be successfully reproduced by our Monte Carlo simulation. As shown in Fig. 2(a) , at a small diameter (diameter a ¼ 15 unit cells, dot height h ¼ 13 unit cells, with a lattice unit of 0.4 nm), the nanodot is in a single-domain state with a slight variation in polarization, due to thermal fluctuations. With increasing dot size (a ¼ 33, h ¼ 13), the single domain becomes unstable and develops into a bubble domain, in which the inner core and outer ring have opposite polarizations, as shown by the different color contrast in the simulated micrograph (Fig. 2(b) ).
Apparently, the domain pattern is considerably dependent on size and shape of the ferroelectric dot when the particle size goes into nanoscale, suggesting that the depolarization field plays an essential role in the refined system. At certain diameter and thickness, an anti-domain appears at the center of the nanodot, which lowers the depolarization energy. Further increases in the dot diameter adds to depolarization effect, resulting in an even more complex bubble domain state, e.g., a multiple bubble domain. Interestingly, if we start the simulation from an initially random state using the same parameters, a stripe like domain, instead of a bubble domain, can be obtained (Fig. 2(c) ). The total energy difference between the stripe domain and bubble domain is very small, and the final state is very sensitive to the initial state. From our experimental observations, apparent bubble domains are far more abundant than stripe domains, implying that the pattern is more likely originating from a single domain initial state. The effects of depolarization and anisotropy have been schematically demonstrated in Fig. 2(d) , in which the anisotropy field forces the polarization aligned along a perpendicular orientation. Without depolarization, single domain is the energetic favorable state, while the presence of depolarization tends to induce multidomain to lower the total energy. As depolarization is very sensitive to geometric parameters of nanodots, various domain states can be obtained by simply adjusting the lateral size and vertical length. To examine the effect of depolarization field, we intentionally added a top electrode, covering the dots to screen the charge; the complex domain structure disappears (not shown here), further confirming the essential role of depolarization.
The simulation also reveals that the domain pattern is greatly dependent on the height of the nanodots, as illustrated by the evolution of the simulated polarization patterns as a function of dot height (Fig. 3) . When fixing the dot diameter at a ¼ 33 (Figs. 3(a)-3(c) ), bubble domains occur in thin nanodots (h ¼ 13 unit cell, around 5 nm). With increasing dot height, the fraction of core polarization domain becomes smaller and smaller. At a large height (h ¼ 39), the core polarization domain almost disappears, leaving only small portions of edge anti-domains and the whole nanodot behaves more or less like a single domain. We also studied the thickness dependent effect for the dots with a smaller diameter (a ¼ 21), as shown in Figs. 3(d)-3(f) . A similar evolution trend can also be identified, although the portion of the core domain becomes smaller compared with dots with larger diameters. The above evolution trend can also be explained by the competition among depolarization field, anisotropy, and other intrinsic polarization coupling factors. For thinner dots, the depolarization field is dominant and the dots tend to have bubble domains to lower the depolarization energy, while the anisotropy and other couplings become significant for thicker dots, leading to a single domain-like polarization pattern. As demonstrated above, the final polarization state depends on the geometric parameters of the nanodot, like diameter and height, which may explain the coexistence of various domain patterns (e.g., single domain, multidomain, vortex, etc.) inside the seemingly uniform nanodot array. From our previous studies, we observed a range of size distribution (e.g., 40-60 nm in diameter) within the same array, resulting from the fabrication process. 19 This indicates that the size variation could be the main reason for the inhomogeneous domain state. In addition, other possible factors, like strain nonuniformity and defects, can take effect. The above simulation also suggests a way to tailor the polarization domain patterns by precisely controlling size and shape of the nanodots.
Finally, we also inspected the domain switching behavior through PFM hysteresis loop measurements. Figures 4(a) and 4(b) show PFM amplitude and phase images for different domain states and their corresponding piezoelectric hysteresis loops. The single domain pattern shows a loop of more or less square shape, while the bubble domain exhibits a slim loop with large asymmetry, indicating different domain reversal processes (Fig. 4(c) ). For dots with single domains, the polarization is more likely to show a uniform switching process, resulting in an approximate square loop. In contrast, the bubble domain shows a slimmer hysteresis loop, indicating a smaller coercive field. However, the hysteresis loop for the bubble domain is not symmetric, implying the presence of a non-switching region and a large imprint effect in the core polarization, probably due to the large depolarization field. This is further confirmed by the apparent contrast change in the domain pattern by applying an electric field from the AFM tip, as shown in Fig. 4(d) . Before applying a field, the dot shows a bubble state with positive net polarization for the core and negative polarization for the outer ring. After applying a negative voltage, the phase contrast of the core polarization changes, indicating a switching of the polarization. However, the amplitude signal for the reversed bubble is rather weak, which implies that only part of the polarization domain is able to switch, while the rest of the portion remains unchanged, resulting in an overall small net polarization. In contrast, the single domain nanodot can be largely reversed after applying an electric field from the AFM tip (not shown here), in agreement with the relatively symmetric hysteresis loop. The above domain behavior and the switching dynamics will also be a subject of further studies that are required to obtain a deeper understanding of the domain evolution kinetics.
IV. CONCLUSIONS
In summary, bubble domains in periodically ordered ferroelectric nanodot arrays have been investigated both experimentally using PFM and theoretically by Monte-Carlo simulations. Vertical PFM shows a core-shell-like bubble domain structure, in which the ring edge and the inner core possess opposite polarizations. Monte-Carlo simulations show that different domain structures can be formed by adjusting the nanodot dimensions, e.g., dot height, aspect ratio, etc., through tuning the competition between anisotropy and depolarization energy. Thinner dots or large diameter ones are more likely to develop bubble domains, due to large depolarization energy, while nanodots with large height or dots with small lateral size tend to have a single-domain state, because, in this case, the anisotropy energy and other couplings become significant. The single domains and bubble domains also exhibit different polarization reversal processes, leading to dissimilar shapes of the PFM hysteresis loops.
